Background: MGP inhibits tissue calcification, but underlying mechanisms are understudied. Results: In MGP null mice, TG2 ablation prevents calcifying cartilaginous vascular lesions but does not affect elastocalcinosis and elastin fragmentation associated with increased elastase adipsin. Conclusion: MGP acts via two distinct mechanisms. Significance: Our study identifies TG2 and adipsin as potential therapeutic targets in vascular disease linked to MGP deficiency.
ABSTRACT
Mutations in Matrix Gla protein (MGP) have been correlated with vascular calcification. In the mouse model, MGP null vascular disease presents as calcifying cartilaginous lesions and mineral deposition along elastin lamellae (elastocalcinosis). Here we examined the mechanisms underlying both of these manifestations. Genetic ablation of enzyme transglutaminase 2 (TG2) in Mgp-/-mice dramatically reduced the size of cartilaginous lesions in the aortic media, attenuated calcium accrual more than twofold, and doubled longevity as compared to control Mgp-/-animals. Nonetheless, the Mgp-/-; Tgm2-/-mice still died prematurely as compared to wild-type and retained the elastocalcinosis phenotype. This pathology in Mgp-/-animals was developmentally preceded by extensive fragmentation of elastic lamellae and associated with elevated serine elastase activity in aortic tissue and vascular smooth muscle cells. Systematic gene expression analysis followed by an immunoprecipitation study identified adipsin as the major elastase that is induced in the Mgp-/-vascular smooth muscle even in the TG2 null background. These results reveal a central role for TG2 in chondrogenic transformation of vascular smooth muscle, and implicate adipsin in elastin fragmentation and ensuing elastocalcinosis. The importance of elastin calcification in MGP null vascular disease is highlighted by significant residual vascular calcification and mortality in Mgp-/-; Tgm2-/-mice with reduced cartilaginous lesions. Our studies identify two potential therapeutic targets in vascular calcification associated with MGP dysfunction, and emphasize the need for a comprehensive approach to this multifaceted disorder.
Vascular calcification is a known risk factor for cardiovascular disease and a cause of mortality. Molecular mechanisms contributing to this pathology include a decrease in circulating and local inhibitors of mineralization, especially in dialysis patients with chronic kidney disease, as well as osteogenic and chondrogenic transformations of vascular smooth muscle cells (VSMCs) that support calcification in the vascular wall via processes thought to recapitulate physiological ossification.
Matrix Gla protein (MGP), a 10-kDa polypeptide containing calcium-binding γ-carboxyglutamic acid (Gla) residues and three phosphoserines, is expressed in vascular tissue by
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both VSMCs and endothelium [1, 2] . In patients, MGP polymorphisms have been linked to coronary artery calcification [3, 4] and in the arteries of mice, genetic loss of MGP leads to extensive calcification of cartilaginous lesions in the tunica media [5] . Calcified cartilaginous lesions in the MGP null vasculature originate from phenotypically transformed VSMCs [6] and/or from endothelial progenitor cells [7] and cause rupture of the aortic wall and premature death by 8 weeks of age [5] . Restoring circulating levels of MGP in Mgp-/-mice does not rescue the vascular phenotype, but re-establishment of MGP expression in VSMCs does prevent both cartilaginous lesions and calcium accrual [8] , identifying VSMC-derived MGP as a potent local inhibitor of matrix mineralization and chondrogenic de-differentiation of VSMCs in the arterial wall context.
Several biological activities of MGP have been proposed to mediate its protective effects. Because MGP is an extracellular binder of calcium phosphate [9] [10] [11] , it has been hypothesized that when MGP is absent unbound calcium phosphate precipitates in the tissue. In addition, MGP is able to sequester BMP2/4 proteins and thus inhibit vascular BMP signaling [12] , a potent stimulator of osteochondrogenic differentiation. However, reports citing the limited effects of activated [13] or inhibited [14, 15] BMP signaling on osteogenic differentiation of VSMCs in vitro indicate that additional BMP-independent mechanisms may be involved in the MGP-mediated inhibition of phenotypic transformation in VSMCs.
Because of the dramatic phenotype of calcifying chondrogenic lesions, MGP null vascular disease has been described primarily as a product of ectopic chondrogenesis. However, elastocalcinosis is also a prominent feature in the MGP-deficient vascular wall and elastin haploinsufficiency has been shown to impede progression of calcification in this tissue [16] . However, the mechanisms underlying elastocalcinosis in Mgp-/-arteries and its role in the formation of cartilaginous lesions remain unclear as elastocalcinosis has been considered as both a possible cause [17] and consequence [6] of chondrogenic transformation. Previous research has shown that calcification of elastin often associates with its degradation [18] , and elastin fragmentation points represent preferential sites for hydroxyapatite crystal nucleation [19] . Moreover, is it possible that elastin degradation is a common cause of calcification because protease inhibitors have efficiently attenuated aortic calcification induced by diverse stimuli including kidney disease, vitamin D3, warfarin and periadventitial application of CaCl 2 [20] [21] [22] . Nevertheless, elastin degradation occurring in uremic mice on a normal-phosphate diet is not sufficient to induce arterial medial calcification [18] , and elastocalcinosis induced by warfarin treatment is not associated with significant elastin fragmentation (our unpublished data), indicating potential mechanistic differences between vascular calcification of different etiologies.
Enzyme transglutaminase 2 (TG2) accumulates in the calcifying aortae of Mgp-/-mice [23] . TG2 regulates osteochondrogenic differentiation in committed skeletal cells [24] [25] [26] [27] [28] , and is a critical regulator of the phenotypic transformation of VSMCs into osteogenic cells [29] [30] [31] . Therefore, we hypothesize that the elevated levels of TG2 in MGP null arterial tissue [23] may contribute to the phenotypic transdifferentiation of VSMCs into chondrocyte-like cells [6] . In this study, we tested the hypothesis that genetic ablation of TG2 will prevent the formation of calcifying cartilaginous lesions in Mgp-/-mice. In the generated Mgp-/-;Tgm2-/-double knock-out mice, we observed a discontinuity between cartilaginous lesions and elastocalcinosis, with both contributing to overall calcium accrual in the MGP null aortae. Elastocalcinosis was preceded by fragmentation of the elastic lamellae that associated with elevated serine elastase activity. Biochemical analysis identified adipsin protease as a major contributor of the elevated elastase activity in MGP null VSMCs. These data demonstrate that both chondrogenic transformation and elastin fragmentation contribute significantly to MGP null vascular disease and suggest that MGP has an unanticipated regulatory function during arterial development, controlling the expression of adipsin and stabilizing the structure of the vascular elastic lamellae. Histology -Frozen 10 m sections of freshly-dissected aortas, non-perfusion fixed in 4% paraformaldehyde, were stained for proteoglycan deposition and calcified matrix using the alcian blue and von Kossa silver nitrate methods, respectively, according to standard protocols [32] . Elastic lamellae were stained using eosin Y and visualized by fluorescence microscopy at 488 nm. Images were collected using a Leica DMIL inverted microscope equipped with a SPOT RT3 real-time CCD camera (Diagnostic Instruments).
Morphologic Analysis -For morphologic analyses, serial sections spaced 100 m apart along a 1 mm length of descending aorta from Mgp+/+;Tgm2+/+ (WT), Mgp-/-;Tgm2+/-(KO), and Mgp-/-;Tgm2-/-(DKO) animals were analyzed for chondrogenic lesions and thickness of tunica media. For each animal, the average value of 4-5 serial sections was used. Mean and standard error values were calculated using the average values from each animal. All values were normalized to WT animals (set at 100%).
Calcium Determination -Aortas were dried at 55 o C overnight and then dissolved in 0.1N HCl overnight. Calcium content was determined biochemically using the Calcium (CPC) LiquiColor kit as measured with -Cresolphthalein (Stanbio, CA). Calcium content of the aorta was normalized to dry weight of the tissue. Cell culture -Primary VSMCs from C57BL/6J (WT), Tgm2-/-(TGKO), or Mgp-/-(KO) mice were obtained by a modification of the explant method originally described by Ross [33] . For all experiments, cells were used between passages 3 and 4 and were stained using a rabbit anti--smooth muscle actin antibody (1:250; Abcam) visualized by fluorescence microscopy using an Alexa488-conjugated goat anti-rabbit secondary (Life Technologies). To induce chondrogenic transformation, VSMCs were seeded as high density micromasses (2.5x10 5 cells in 10 L volume) in chondrogenic medium (ChoM) [DMEM supplemented with 10
, and 10 ng/mL TGF-β3 (ProSpec, NJ)]. Medium was changed twice a week for 8 days. Sulfated glycosaminoglycan (GAG) synthesized by cultured VSMCs was detected by staining with 1% Alcian blue (8GX) dissolved in 0.1 N HCl. For quantitative analysis, Alcian blue was extracted with 4 M guanidine hydrochloride and absorbance at 590 nm was measured using an Optima spectrophotometer (PolarStar). Cell density was estimated using WST substrate (Dojindo, CA).
Elastase Activity -Elastase activity was measured in aortic tissue and primary VSMCs from WT and KO animals according to the published protocol [34] , in the presence or absence of 5 mmol/L EDTA, 1mmol/L PMSF, or equal volume of ethanol (EtOH) vehicle. Absorbance of degraded elastin substrate was measured at 410 nm in a PolarStar Optima spectrophotometer. A standard curve for degradation was prepared using porcine pancreatic elastase. Results are expressed as defined units, where one unit is equivalent to the cleavage of 1 g of substrate in 24 hours by 1 mg of total protein in cell or tissue lysate (determined by Pierce micro BCA protein quantitation kit). For adipsin depletion studies, lysates were pre-incubated with 4 g anti-adipsin antibody (Santa Cruz Biotechnology) and protein A/G beads (Millipore) in elastase buffer without DMSO and elastin substrate, overnight at 4 o C. DMSO and elastin substrate were then added to the resulting adipsin-deficient supernatant and elastase activity was measured as described above.
qRT-PCR -Quantitative real-time PCR was performed according to the standard protocol with EVA green chemistry in a CFX96 thermocycler (Bio-Rad) using the primers in Table  1 . Relative change in gene expression was calculated by the Ct method using Microsoft Excel. mRNA was isolated using RNeasy kit (Qiagen) and first strand synthesis was performed using the Maxima RT kit (Thermo-Fisher) according to manufacturer's instructions in a DYAD thermocycler (MJ Research).
Western Blot -Aortic tissue was cut into small pieces on dry ice and lysed by freeze-thaw cycles in RIPA buffer containing EDTA-free Protease and Phosphatase Inhibitors (Thermo Fisher). Denatured 40 g protein samples were separated by SDS-PAGE, transferred to PVDF membranes (Bio-Rad) and Western blot was performed using the standard protocol. Primary antibody used was rabbit anti-adipsin (1:1000, Santa Cruz Biotechnology). Proteins were detected using HRP-conjugated secondary goat anti-rabbit antibody (1:5000, Abcam). As a loading control, membranes were incubated in HRP-conjugated mouse anti-GAPDH (1:35,000). Signal was visualized with SuperSignal West Pico chemiluminescent substrate (Thermo Fisher).
Statistical Analysis -The data are presented as mean ± standard error. For experiments containing 2 groups, significance was determined by comparison using Wilcoxon-MannWhitney test. For experiments containing more than 2 groups, Levene's test was used to determine equality of variance (homoscedasticity) followed by 1-way analysis of variance (ANOVA) and Tukey-Kramer post-hoc analysis for comparison between groups. A p-value of < 0.05 was considered to be statistically significant. *, p <0.05; **, p < 0.01; ***, p<0.001. Survival curves were analyzed using the Kaplan-Meier method, and p-value was determined by Mantel-Cox logrank test.
RESULTS

Genetic deletion of TG2 attenuates chondrogenic transformation of primary VSMCs
-To determine whether TG2 can be involved with chondrogenic transformation of VSMCs, we employed the in vitro model of TGF-beta-induced chondrogenesis in high density micromasses using primary mouse wild-type (WT) and Tgm2-/-(TGKO) VSMCs. The VSMC nature of the isolated cells was confirmed by the presence of α-smooth muscle actin (sma) (Fig. 1A) . After 8 days in culture, both types of VSMCs formed chondrogenic nodules and deposited cartilaginous sulfated glycosaminoglycan (GAG)-rich matrix, detectable with Alcian Blue stain. An equal number of cells were plated as control cells and cultured serum-containing medium in the absence of TGF-beta. These control cells did not deposit GAG-positive matrix and rapidly proliferated (Fig.  1) . In contrast, proliferation was ceased in the micromasses undergoing chondrogenic transformation resulting in a similar number of WT and TGKO VSMCs after 8 days of culture (Fig. 1B) . Quantitative analysis of the extracted Alcian blue dye revealed an approximately 50% decrease in GAG deposition by TGKO VSMC cultures compared to WT micromasses (Fig. 1C) suggesting a role for TG2 in chondrogenic dedifferentiation in VSMCs.
Genetic deletion of TG2 attenuates chondrogenic lesions in Mgp-/-aortae -Previous studies have shown that TG2 is elevated in Mgp-/-aortic tissue [23] and that VSMC-derived cells constitute almost 97% of the chondrogenic cells in MGP null neoplasia [6] . We, therefore, hypothesized that ablation of TG2 will attenuate cartilaginous lesions in the MGP null model. To test this hypothesis, we generated Mgp-/-;Tgm2-/-double knockout (DKO) animals by crossing Mgp+/-and Tgm2+/-mice. Histological analysis revealed a significant reduction of cartilaginous lesions and an improvement in the gross morphology of the aortic wall in 3.5 week old DKO mice compared to age-matched Mgp-/-(KO) animals (Fig. 2, N=6 ). Quantitative analysis of serial sections spaced 100 m apart along a 1 mm segment of aorta from each animal ( Fig. 2A) showed that while cartilaginous lesions in KO mice comprised 49.9±5.5% of the total circumference of vessel wall, the proportion of these lesions in the DKO mice was significantly reduced to 19.2±2.7 % (N=6, p<0.001) (Fig. 2B) . Because chondrogenic lesions thicken vessel walls, the effects of TG2 deletion included an approximately 30% reduction in arterial wall thickness (51.6±2.5 m in DKO mice compared to 88.2±6.3 um in KO animals, p<0.01), rendering this parameter similar to the wild-type aortae (42.2±2.2 m) (Fig. 2C, WT, N=3 ). These results demonstrate that TG2 is central in the formation of cartilaginous lesions in the MGP null arterial wall.
Persistent elastocalcinosis in Mgp/Tgm2 double knockout animals -Cartilaginous lesions in MGP null arteries rapidly calcifies and this process contributes to early mortality due to vessel rupture [5] . Eradication of ectopic chondrogenesis in MGP-deficient arteries by TG2 ablation was associated with a significant 48.1±8.0% (p<0.05) reduction in total calcium content of aortic tissue (Fig. 3A) and significantly attenuated the early mortality characteristic of MGP null mice [5] (Fig.  3B, p<0 .005). Nevertheless, despite the improved longevity, DKO mice still died prematurely, indicating that cartilaginous lesions may not be the only life-threatening complication of MGP deficiency. Indeed, the remaining calcium levels in aortae of DKO mice were still significantly higher than that in wild-type control littermates (126.99±21.86 g calcium/mg dry weight in DKO animals compared to 0.39±0.01 g calcium/mg dry weight in WT animals, p<0.001). To examine this phenomenon further, localization of the calcium phosphate deposits in the KO and DKO arterial walls was detected with von Kossa staining. While the massive calcified zones corresponding to cartilaginous lesions in KO aortae were no longer observed in the DKO mice (Fig. 3C, upper panels) , calcium phosphate deposits aligning with elastic lamellae were still present (Fig. 3C, lower panels) , indicating that MGP null disease involves two discrete vascular calcification mechanisms including calcification of the TG2-dependent cartilaginous lesions and TG2-independent elastocalcinosis.
Elastin fragmentation in Mgp null aortae -Because previous studies have established that calcification of the elastic lamellae can be promoted by their degradation [18] , we analyzed the integrity of the aortic elastic lamellae detected by eosin staining. A significant decrease in the length of continuous elastin layers was observed in KO compared to WT littermates (Fig. 4A) . Genetic ablation of TG2 did not prevent fragmentation of the elastic lamellae in the DKO animals, in agreement with elastin fragmentation contributing to its calcification. To clarify the possible causative relationship between these two phenomena, we analyzed the dynamics of both processes at earlier developmental stages. In newborn Mgp-/-mice elastocalcinosis was absent and the length of the continuous elastic lamellae was the same as in the heterozygous littermates (Fig. 4B) . In one week old Mgp-/-mice, elastin fragmentation is pronounced in all animals (Fig.  4C) , while elastocalcinosis was observed with von Kossa staining in only two of the four animals analyzed (Fig. 4C) . Importantly, fragmentation was not different between the calcifying vessels and those which have not yet calcified (Fig. 4C ), supporting a model in which elastin degradation precedes its calcification in the MGP null vasculature.
Elevated elastase activity in MGP null arteries relates to induced adipsin -Elastin degradation is mediated by numerous enzymes, mainly serine proteases or matrix metalloproteinases (MMPs). To determine whether elastin fragmentation in the MGP null arteries correlated with enhanced proteolysis, we performed an assay for elastase activity and found an approximately 3-fold increase in aortic tissue from Mgp-/-(KO) mice compared to the wild-type (WT) control (Fig. 5A, light grey bars) . Both WT and KO elastase activity was equally sensitive to treatment with EDTA (Fig. 5A, dark grey bars) , but only the elevated activity in KO arterial tissue was sensitive to PMSF (Fig. 5A, black bars) . We concluded that elevated elastase activity in KO is mediated by a serine protease(s) rather than MMP(s). To determine the cellular origin of increased serine elastase activity in the vasculature we performed the same assay using cultured primary wild-type (WT) and MGP null (KO) VSMCs (P3-4). The MGP null VSMCs produced significantly more PMSF-sensitive elastase activity than the wild-type VSMCs (Fig. 5B, light  grey bars) , that was not affected by the vehicle control (Fig. 5B, EtOH) . These results identify VSMCs as a cellular source of the increased serine elastase in MGP null aortic tissue. To identify candidate serine proteases potentially contributing to increased elastase activity in MGP-deficient VSMCs, we searched the GeneCards database using the keywords "serine elastase" with the score cutoff ≥1.0 and removing the entities that do not have known protease activity. This analysis identified 10 mouse serine elastase genes ( Table  2) . Quantitative analysis of their transcripts in the wild-type and Mgp-/-arterial tissue by real-time RT-PCR identified seven genes expressed at detectable levels in the vasculature, of which four are increased in Mgp-/-arterial tissue (Fig. 5C , Table 2 ). However, only the expression of adipsin was also significantly up-regulated in primary MGP null VSMCs (Fig. 5D ). implicating this protease as a major source of the elevated elastase activity in the MGP null vascular wall.
To address this possibility, we first confirmed that protein levels of adipsin are elevated in the Mgp-/-aortae using Western analysis (Fig. 6A) . Next, we depleted adipsin from arterial tissue lysates by immunoprecicipation with anti-adipsin antibody. The specific removal of adipsin rendered the elastase activity in the MGP null tissue similar to the levels of activity in wild type tissue lysates (Fig. 6B) indicating that adipsin is the major active serine elastase induced by genetic loss of MGP. Lastly, we examined adipsin expression in the Mgp-/-;Tgm2-/-DKO animals characterized by elastin degradation similar to Mgp-/-(KO), and found identical levels of expression in the KO and DKO aortae (Fig. 6C) .
DISCUSSION
The present study provides evidence for two mechanisms of arterial calcification in MGP null vascular disease. One mechanism, in which TG2 appears central, promotes the formation of calcifying chondrogenic lesions in VSMCs. In contrast, TG2-independent elastocalcinosis is preceded by elastin fragmentation and associates with induction of the serine elastase adipsin.
Previous data has shown the accumulation of TG2 in the calcifying vascular wall of Mgp-/-mice [23] . Consistent with the pro-chondrogenic effects of TG2 previously shown in mesenchymal progenitor cells [28] and committed chondrocytes [27, 35] , our study demonstrates a central role for TG2 in the chondrogenic transformation of VSMCs and identifies this enzyme as a key therapeutic target in the calcifying chondrogenic lesions of vascular smooth muscle caused by MGP deficiency. However, despite a significant 50% reduction in total calcium accumulation in the MGP null vessels caused by genetic ablation of TG2, the residual premature mortality in the Mgp/Tgm2 double knockout animals highlights the importance of elastocalcinosis in MGP null vascular disease.
Elastin is a major extracellular substrate for vascular calcification and its haploinsufficiency hinders the progression of calcium accumulation in the MGP null vascular wall [16] . Our data demonstrate that elastin fragmentation probably brings about elastocalcinosis as visible changes in elastin integrity can be visualized early in development even before detectable levels of calcium phosphate precipitate along the elastic lamellae. It remains to be determined whether mineral accrual occurs merely due to the crystal nucleating activity of elastin fragmentation sites [19] or if it involves phenotypic changes in VSMCs [23] . Indeed, elastin has been characterized as a regulator of arterial development, controlling the proliferation of smooth muscle and stabilizing arterial structure [36] , and loss of physical interactions with intact elastin can induce a phenotypic switch in VSMCs [37] . In addition, elastin degradation peptides (also called elastokines [38] ) can act on vascular cells, amplifying phosphate-driven calcium deposition [39, 40] . In any case, loss of continuity of the elastic lamellae is probably a significant, if not the major factor in MGP deficiency-associated elastocalcinosis. Of note, we also detected increased elastase activity in cultured MGP null VSMCs that lose chondrogenic features and revert to muscle phenotype [41] , further underscoring the difference between the calcification mechanisms centered on ectopic chondrogenesis and those involving elastin fragmentation.
Taking into account the success of protease inhibition used to attenuate vascular calcification caused by diverse stimuli [20] [21] [22] , it was of essence to identify the elastase activity induced in MGP null VSMCs. MMP expression is characteristic for arterial tissue [16] and in our study we observed that basal elastase activity in WT aortae is dramatically inhibited by EDTA. A similar degree on inhibition by EDTA was also detected in the MGP null tissue although elastase activity remained in the presence of the MMP inhibitor. In contrast, serine protease inhibitor PMSF had a profound effect only on MGP null VSMCs completely abolishing the characteristic increase in elastase activity and reverting it to WT levels. PCR-based expression analysis of known serine elastases identified adipsin as a primary candidate protease contributing to the increase of total elastase activity in the MGP null vessels. This was confirmed by depleting adipsin from tissue lysates with a specific antibody. Adipsin has been also identified as a source of elevated endogenous vascular elastase activity in pulmonary hypertension in rats [42] , indicative of a potential commonality between diverse vascular pathologies.
Aside from the insulted vasculature, adipsin has been detected in the sciatic nerve, bloodstream, and most notably in fat tissue where it is induced in starvation [43, 44] suggesting that in addition to VSMCs, cells of the perivascular adipose tissue and endothelium may also contribute to the increased adipsin activity in vasculature. Only arterial adipsin has been shown to possess elastolytic activity and this may be related to post-translational tissue-specific modifications of the enzyme [42] . Further biochemical studies on modifications of vascular adipsin may allow its selective targeting in the therapy of cardiovascular disease.
Despite its name, the role of adipsin in fat metabolism appears limited [45] , and its major biological role relates to the alternative complement pathway. Thus, adipsin (also known as complement factor D) cleaves factor B [46] [47] [48] , potentially connecting adipose and complement activation. Accumulating evidence on the involvement of this protease in vascular pathology adds to the complex effects of complement on vasculature, exemplified by the ability of complement proteins C3 and C4 to increase vascular stiffness in atherosclerosis through binding to collagen and elastin [49] , and to stimulate adventitial fibroblast migration and differentiation in a rat model of hypertension [50] .
Transcriptional up-regulation of adipsin expression in MGP null VSMCs is intriguing. There is very limited data on the transcriptional regulation of adipsin, and we, therefore, performed a preliminary analysis of the mouse adipsin gene promoter (our unpublished data). This analysis identified several binding sites for the BMPregulated Runx1 transcription factor [51] . Since BMP signaling is activated in the Mgp-/-vasculature [12, 52] , we sought to determine whether the well-characterized effect of MGP on BMP signaling is linked with the newly identified mechanism of elastin degradation in MGP null vascular disease. For this, we exposed in vitro rat A10 VSMCs to an elevated BMP2/4 mixture and analyzed elastase activity and adipsin expression. No change in these parameters was detected, nor was there a detectable increase in Runx1 expression. These results suggest that induction of adipsin, and elastin fragmentation and calcification in Mgp-/-aortae are either independent of BMP activity or require a synergistic effect of BMP with as yet unknown regulator(s).
Conventional views assume an important role for MGP -carboxylation in the inhibition of vascular calcification [53] , based on the importance of this modification in MGP binding to hydroxyapatite crystals [54] and BMP proteins [55] as well as on the seemingly similar pro-calcific effects of MGP deficiency and warfarin treatment (and the ability of warfarin to inhibit vitamin Kdependent protein carboxylation) [10] . However, our histologic analysis of the elastic lamellae in calcifying arteries of rats treated with warfarin to induce elastocalcinosis [30, 31, 56] did not reveal overt elastin fragmentation (data not shown) in contrast to MGP null arteries. Further, in warfarininduced calcification, previous studies identified activation of MMP-9 and no induction of serine elastases [22] , while in the MGP null arteries the elevated elastase activity is derived from the serine protease adipsin. Together, these results question the role of MGP carboxylation in the regulation of elastolytic activity in VSMCs.
In conclusion, our results support a model in vascular wall where MGP blocks expression of the serine elastase adipsin, and thus supports the stability of elastic lamellae and cell-matrix interactions. Loss of MGP results in adipsin activation and elastin fragmentation allowing for chondrogenic transformation of VSMCs that leads to formation of cartilaginous lesions in a TG2-dependent manner. This study adds to the growing understanding of the complexity of MGPmediated effects on vascular tissue. In addition to suppressing BMP [57] and Notch signaling [58] , our report identifies TG2 as a therapeutic target in calcifying cartilaginous lesions in the tunica media. And the full spectrum of vascular disease associated with MGP deficiency clearly requires additional approaches that probably include inhibition of the elastase activity of adipsin. With accumulating evidence that therapeutic targets are shared between the manifold variants and manifestations of cardiovascular disease, it is possible that research aimed at developing treatments for MGP deficiency will have a broad and significant impact. Figure 6 
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